RNA silencing is a eukaryotic mechanism for RNA-based gene regulation that plays an essential role in diverse biological processes, such as defence against viral infections. The P1 of rice yellow mottle virus (RYMV) is a movement protein and displays RNA silencing suppression activity with variable efficiency, depending on the origin of the isolates. In this study, the positive selection pressure acting on the P1 protein gene was assessed. A site-by-site analysis of the d N /d S ratio was performed and 18 positively selected sites were identified. Four of these were mutated, and the ability to suppress RNA silencing was evaluated for the resulting mutants in a transient expression assay. All mutations affected quantitatively RNA silencing suppression, one caused a significant decrease in the activity and three significantly increased it. This work demonstrates, for what is to the best of our knowledge the first time, that the RYMV gene encoding the P1 RNA silencing suppressor is under adaptive evolution.
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Post-transcriptional gene silencing, termed RNA silencing, is a highly conserved mechanism in eukaryotes, and has important roles in antiviral defence, genome integrity and development (Baulcombe, 2004) . Many viruses have evolved strategies to counteract this defence mechanism, most commonly by encoding viral suppressors of RNA silencing (Roth et al., 2004; Li & Ding 2006; Ding & Voinnet, 2007; Burgyán & Havelda, 2011) . It is now well established that inhibition of the RNA silencing pathway is often a significant part of infection and almost universal in plant-RNA virus interactions (Ding & Voinnet, 2007) . Therefore, the evolutionary conflict between plant and virus in the RNA silencing/suppression could be considered as an 'arms race' in which the plant develops new strategies to escape infection, leading the virus to evolve adapted suppression strategies (Obbard et al., 2006) . Positive, diversifying selection is an important evolutionary force that accelerates divergence between homologous proteins (Swanson et al., 2001) . A useful follow-up to the codon-substitution analyses is to manipulate experimentally putative positively selected codons and perform subsequent protein-or organism-level assays to determine the functional significance of variation at these sites. Positive selection is inferred when v, the ratio of non-synonymous (d N ) to synonymous (d S ) mutations between species, exceeds one (Nielsen & Yang, 1998; Yang & Bielawski, 2000) . Recently, it has been reported that point mutations on different RNA silencing suppressors, including the helper component proteinase (HC-Pro), affect their suppression function (González-Jara et al., 2005; Yambao et al., 2008; Torres-Barceló et al., 2008) . By experimental evolution, Torres-Barceló et al. (2010) demonstrated the selective constraints operating on silencing suppressor of HC-Pro. However, previous studies did not resolve whether sites under positive selection can be linked to RNA silencing suppressor activity.
Rice yellow mottle virus (RYMV), of the Sobemovirus genus (Truve & Fargette, 2011) , has a high natural molecular diversity (Pinel-Galzi et al., 2009) . Its first ORF encodes a zinc finger protein with redox-dependent flexibility (Gillet et al., 2013) , named P1, which has been described as a multifunctional protein that participates in virus spread and replication (Bonneau et al., 1998) . In addition, P1 proteins originating from different RYMV isolates displayed a wide range of ability to suppress RNA silencing, from strong to weak RNA silencing suppression, as in the case of the Tanzanian Tz3 (P1Tz3) and Madagascar Mg1 (P1Mg1) isolates, respectively (Voinnet et al., 1999; Siré et al., 2008) . Both were characterized as proteins exhibiting dual functions to suppress local RNA silencing and activate systemic RNA silencing (Lacombe et al., 2010) . Altogether, these features make RYMV and its P1 RNA silencing suppressor an appropriate model to evaluate the role of RNA silencing suppression protein in relation to the evolution of the virus. For this aim, a two-step approach was applied. Firstly, RYMV P1 proteins from a representative sample of isolates were used to identify 18 amino acid sites under positive selection. Although for RNA virus genomes neutral sites may have an impact of RNA virus evolution [i.e. production of small interfering RNA (siRNAs)], in this study the selection pressure was assessed by estimating the ratios of non-synonymous to synonymous substitutions (d N /d S ) among lineages. Secondly, the individual effect of these sites on RNA silencing was evaluated by punctual mutagenesis and tested for their ability to suppress RNA silencing. This work allowed us to demonstrate for what is believed to be the first time a molecular signature of positive selection within a RNA silencing suppression gene in plants.
In total, 54 sequences [including 44 new sequences according to the sampling in Siré et al. (2008) ] representing the RYMV natural diversity were used to detect sites under positive selection. Sequence alignments of P1 are presented in Fig. 1 . As described before (Fargette et al., 2004) , the P1 sequence displays a high diversity fairly well distributed along the nucleotide sequence.
To determine if codon sites in the P1 sequences of RYMV are under positive selection, the rate of non-synonymous and synonymous changes at each site in a sequence alignment was estimated using four distinct approaches, as implemented in the HYPHY package: (i) a fast likelihood-based 'counting method', namely single-likelihood ancestor counting (SLAC) method; (ii) a random effects likelihood (REL) approach; (iii) a fixed effects likelihood (FEL); and (iv) an internal fixed effect likelihood (IFEL) method (Pond et al., 2005) . An empirical Bayesian method as implemented in SELECTON (Stern-Ginossar et al., 2007) was also performed. The SELECTON server automatically calculated the d N /d S ratio at each site of the protein. HYPHY SLAC, REL, FEL and IFEL were run on a computer cluster through the web-based interface, which is available at http://www.datamonkey.org. SELECTON is available at http://selecton.bioinfo.tau.ac.il. Once positively selected sites were shown to exist, the second step uses Bayesian methods to locate their position. Sites with high posterior probability above 95 % coming from the class with v .1 are inferred to be under positive selection. With HYPHY REL model, 9 amino acids at positions 20, 21, 45, 51, 66, 98, 99, 105 and 110 were under positive selection with a Bayes factor for positive selection higher than 50 (Table 1) . Amino acids at positions 20 and 110 were found to be under high diversifying by the five methods (SLAC, REL, FEL, IFEL and SELECTON). Therefore, the contribution of these sites to adaptive evolution may be particularly strong. The SLAC, FEL and IFEL procedures revealed a substantially lower number of positions under positive selection (Table 1 ). The signature of positive selection based on the d N /d S ratio by applying the empirical Bayesian method as implemented in SELECTON (Stern-Ginossar et al., 2007) showed good agreement with those obtained using HYPHY. Finally, in total, 18 sites were shown to be under positive selection by both the HYPHY and SELECTON methods.
Positive selection on an RNA silencing suppressor gene has not been documented before. Previous work performed on 27 P1 sequences identified only two sites under positive selection (Pinel-Galzi et al., 2009). Our work, based on 54 P1 sequences, identified 16 additional sites positively selected, highlighting the importance of the sample size for the detection of adaptive selection. In addition, samples used in this study were collected in nine countries in Africa, including regions where a large proportion of the viral diversity is concentrated [i.e. eastern Tanzania (Fargette et al., 2004) ]. Thus, the high number of sites positively selected is related to the genetic diversity of the P1 protein and to the sampling used, which is, itself, representative of the evolutionary history of RYMV. Indeed, the genetic diversity of the P1 protein is higher than that for other RYMV viral proteins, with up to 17.8 % amino acid sequence divergence (Fargette et al., 2004 , Pinel-Galzi et al., 2009 , supporting evidence of strong selection acting on suppressor P1.
Analysis of sites under positive selection was previously applied on genes involved in many virus functions (Rajamäki & Valkonen 1999 Puustinen et al., 2002) and in parasite-host interactions (Stotz et al., 2000; Moury et al., 2002) . This approach, which allows us to identify accurately the biologically significant amino acids under positive selection, has been successfully applied and validated on the coat protein of potato virus Y (Moury & Simon. 2011) . It is expected that mutations at the amino acid positions under positive selection in the P1 protein of RYMV could be used to determine their role in RNA silencing suppression.
Amino acids at positions 20, 54, 66 and 110 were selected for further analysis according to the results obtained with SELECTON and HYPHY methods. The amino acid at position 66 located between the two first cysteines of the P1 zinc finger protein (Gillet et al., 2013) was also selected. Such a motif has been reported to be essential for silencing suppression activity (van Wezel et al., 2003) . Point mutations corresponding to amino acid positions 20 (Ala to Thr), 54 (Lys to Gly), 66 (Glu to Arg) and 110 (Glu to Asp) were introduced according to the protocol described by Siré et al. (2008) . Each WT amino acid was changed into an amino acid existing in the RYMV natural diversity in at least one WT isolate and having different properties, including charge and hydrophobicity. The resulting genomic-length plasmids containing the amino acid substitutions were named P1-A20T, P1-K54G, P1-Q66R and P1-Q110D. All resulting mutant P1 constructs were sequenced to verify the identity of the mutations. The effect of P1 substitutions A20T, K54G, Q66R and Q110D on the RNA silencing suppression function of P1 was assessed in a Journal of General Virology 95 transient expression assay in Nicotiana benthamiana leaves expressing artificial silencing on a b-glucuronidase-encoding (GUS) reporter gene. Briefly, constructs for the transient expression of GUS, P1Mg1, P1Tz3 WT and P1Tz3 mutants silencing suppressors were inserted into a pCambia 1301 binary vector under the 35S promoter, and all pCambiaderived plasmids were inserted into Agrobacterium tumefaciens strain GV3101 using an electroporation method (Siré et al., 2008) . Four plants were used for each mutant (eight leaves per treatment per mutant in total). The time-course of RNA silencing suppression activity on the GUS reporter gene was quantified by fluorimetry, as detailed in Siré et al. (2008) . Two independent experiments were performed. Data were analysed using one-way ANOVA and comparisons of the mean GUS expression were contrasted using Duncan's multiple range test. All statistical analyses were performed at the level of P values less than 0.05 using Statistica 10 (StatSoft).
The reference profiles of silencing suppression for the strongest suppressor P1Tz3 and the weaker P1Mg1 are shown in Fig. 2(a) . As expected, the presence of P1Tz3 increased GUS activity compared to the control without silencing suppressor or in the presence of the weaker silencing suppressor P1Mg1 (Siré et al., 2008) . The addition of the weak P1Mg1 silencing suppressor had no significant effect on GUS expression. The incidence of mutations on the WT P1Tz3 sequence on RNA silencing suppression activity is shown in Fig. 2(b) . For all the P1 variants studied, GUS silencing suppression levels differed from the WT control P1Tz3. From 2 days post-inoculation (p.i.), the variants P1-A20T, P1-K54G and P1-Q66R exhibited an amplified RNA silencing suppression activity compared to the WT, as shown by the increased accumulation of GUS activity, except at 6 days p.i. (Fig. 2b) . Only the P1-Q110D variant displayed a reduced GUS silencing suppression activity compared to the WT during the given time-course. Considering the 7 days of experimentation, we concluded that the P1-Q66R, P1-K54G and P1-A20T mutants displayed an increased suppressor activity compared to P1-WT and were qualified as hyper-suppressors according to Torres-Barceló et al. (2008) , whereas the P1-Q110D mutant had a suppressor activity significantly reduced compared to the WT and was, consequently, defined as a hypo-suppressor. A factorial ANOVA analysis performed using Statistica software indicated that there were highly significant overall 'genotype' (i.e. mutant) and 'time' (i.e. days p.i.) effects (P,0.01) associated with a highly significant interaction between the two factors. This validates the mutant effect, and further suggests that the temporal dynamics of the genotypes are not similar among all mutants. However, as we were not able to detect P1 accumulation for the different mutants and WT with our polyclonal antibody (data not shown), we cannot rule out that the observed changes in RNA silencing suppression could be due to other factors, including changes in the stability of particular mutant P1 proteins. (Fargette et al., 2004; Traoré et al., 2005) . The rapid evolution of the RYMV P1 could be explained by the evolutionary conflict between the RNA silencing pathway and its suppression. Then, suppressor proteins have to evolve quickly to adapt and to ensure efficient virus multiplication and spread.
The present work provided evidence that sites of RYMV P1 under positive selection are directly involved in modulating P1 RNA silencing suppression. As P1 is a multifunctional protein, the relationship between virus evolution and P1 RNA silencing suppressor activity, also needs to be examined in an infectious context, where the impact on replication (i.e. protoplast assay), movement (i.e. plant assay) and pathogenicity (i.e. symptoms and virulence) could also be taken into account. (Tz3) and mutants on GUS activity. Mo (mock) is the control with empty vector; GUS is the GUS activity due to the GUS construct only. A20T, K54G, Q66R and Q110D represent GUS activity after co-infiltration of GUS construct in the presence of each mutant, respectively. Bars, mean±SD from eight leaf samples per treatment. Two independent experiments were performed. Different letters above the bars indicate significantly different values between treatments (P,0.05). GUS activity is expressed in pmol MU min "1 (mg protein extract)
, where MU is 4-methylumbelliferyl b-D-glucuronide.
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